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In this work, a 1:12 phosphomolybdic ﬁlm modiﬁed glassy carbon electrode is prepared by electrochem-
ical deposition and its application was studied by cyclic voltammetry. The ﬁlm modiﬁed electrode is used
for the determination of phosphorus and exhibits a linear response to phosphorus in the concentration of
7.0  106–8.0  105 mol L1 with a detection limit of 8.7  106 mol L1. This method has been used
for determination of phosphorus in the form of phosphate in biodiesel samples with satisfactory results.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The petroleum market instability, the limited availability of
crude oil and, mainly, the serious impact of petroleum-based fuels
use on the environment have currently stimulated the spread of
alternative fuels [1,3]. Many researches have been held on biodie-
sel, an alternative fuel for diesel engines that has recently obtained
increasing attention worldwide [2,4]. This alternative fuel has a
number of advantages including: reduction of toxic exhaust emis-
sions – lower amounts of hydrocarbon, carbon monoxide and par-
ticulate emissions; greenhouse gas savings – carbon dioxide
produced by burning biodiesel is used by subsequent crops that
are, then, used to produce the fuel; low sulfur content; fast biode-
gradability – approximately 4–5 times as fast as petroleum diesel;
lower toxicity than petrodiesel; higher ﬂashpoint than petroleum
diesel; it can be used in diesel engines with little or no modiﬁca-
tion. Feedstocks such as soy, canola, mustard, sunﬂower, coconut,
palm and cottonseed oil as well as beef tallow and ﬁsh oils have
been used to manufacture biodiesel [5].
Among the several processes used for the production of biodie-
sel, esteriﬁcation and transesteriﬁcation are distinguished, in par-
ticular the latter, which is used in large scale production. Any
chemical reaction, including the transesteriﬁcation, is rarely com-
pleted and usually the products of the reaction, in this case the al-
kyl esters, are contaminated [6]. The contaminants to be
considered include water, free glycerin, bound glycerin, alcohol,lsevier OA license. 
x: +55 16 3322 7932.
.free fatty acids, soaps, and residual catalyst. The presence of inor-
ganic contaminants is related to the efﬁciency of the wash.
The phosphorus found in biodiesel stems from phospholipids
(animal and vegetable material) contained in the feedstock and
from used frying oil. High levels of phosphorus have been shown
to damage catalytic converters used in emission control systems
[7]. Since the presence of contaminants can lead to operational
problems, the American Society for Testing and Material (ASTM)
and European Standard (EN) have developed standards to which
pure biodiesel (B100) can be tested. A maximum level of
10 mg kg1 of phosphorus in biodiesel samples has been estab-
lished. Standard method for determination of phosphorus is an
inductively coupled plasma atomic emission spectrometry (ICP-
OES), according to ASTM 4951 [8]. Several studies reported in the
literature show experiments with satisfactory results for determi-
nation of phosphorus in biodiesel using the technique established
by ASTM ofﬁcial.
The phosphorus ions have been determined in several matrices
using different techniques such as spectrophotometry [9,10], chro-
matography [11,12] and electrochemistry [13–25].
Among the various methods used for electroanalytical determi-
nation of phosphate, we can cite the method developed by Fogg
et al. [13] that determined phosphate with b-heteropolymolyb-
dates on a glassy carbon electrode, using the technique of differen-
tial pulse voltammetry. The 12-molybdophosphate produces an
anodic wave on glassy carbon electrode, which is used as the basis
of the method for determination of phosphate.
Osakai et al. [14] developed a sensor using the electrochemical
formation of a heteropolyanion at the interface between an
16 T.R.C. Zezza et al. / Fuel 95 (2012) 15–18aqueous solution and sample solution containing the anion of
nitrobenzene hexamolybdate, the voltammetric current propor-
tional to the concentration of phosphate in a range of
2.0  105–5.0  104 mol L1.
A modiﬁed carbon paste electrode [15] with a ﬁlm of 1:12 phos-
phomolybdate was prepared by electrochemical deposition for the
determination of phosphorus in phytic acid with a linear range of
concentration from 0.4 a 25 g mL1 and the detection limit of
0.04 g mL1.
Biosensors have been used for the determination of phosphate;
the method proposed by Su and Mascini [16] consists of a platinum
electrode modiﬁed with a ﬁlm of polyphenol containing two en-
zymes, alkaline phosphatase and glucose oxidase. The method
was efﬁcient for the determination of phosphate, with a detection
limit of 4.0  106 mol L1.
The phosphate ions can also be determined using the ion selec-
tive electrodes [17–25]. Among these, a method [17] stands out,
using an ion selective glass electrode, which is the detection limit
of 2.2  107 g mL1 with a coefﬁcient of variation of 0.3%.
Finally, De Marco and Phan [18] used a cobalt wire electrode for
potentiometric determination of phosphate in hydroponic nutrient
solutions in the linear concentration of 5.0  104–
1.0  102 mol L1.
In view of the importance of biodiesel as an alternative fuel and
considering that the presence of inorganic contaminants, such as
phosphorus, which causes damage to catalytic conversion and
causes an increase in particulate emission, besides the fact that
the ofﬁcial methods of analysis involving equipment is very costly,
the goal is to develop an alternative methodology using electrodes
chemically modiﬁed with 1:12 phosphomolybdic for determina-

















E / V vs Ag/AgCl
Fig. 1. Cyclic voltammograms of a solution containing 3.0  103 mol L1
(NH4)6Mo7O244H2O, 0,5 mol L1H2SO4, 16% (V/V) de acetone and1.0  104 mol L1
KH2PO4 ( = 100 mV s1).2. Experimental
2.1. Reagents and apparatus
All chemicals were of analytical grade and the solutions were
prepared using deionized water from Milli-Q (Millipore, USA).
KH2PO4 (Merck), H2SO4 (Merck), (NH4)6Mo7O24.4H2O (Merck), ace-
tone (Merck) were used without further puriﬁcation.
Electrochemical experiments were performed on potentiostat
from Auto-Lab, Model PGSTAT 30, which was used for cyclic vol-
tammetric measurements. The electrolytic cell with a 10 mL vol-
ume and three electrodes systems were used: a glassy carbon
disk, A = 0.07 cm2, used as the working electrode, a platinum wire
as an auxiliary electrode and Ag/AgClsat as the reference electrode.
The glassy carbon electrode was polished to a mirror ﬁnish with
alumina (0.5 lm) and then rinsed thoroughly with water. Dry
nitrogen was passed through the solution to remove oxygen and
was kept ﬂowing over the solution during runs.
2.2. Electrode modiﬁcation
1:12 Phosphomolybdic (PMo12) ﬁlm was prepared by voltam-
metric cycling of the glassy carbon electrode in a solution of
3.0  103 mol L1 (NH4)6Mo7O244H2O; 0.5 mol L1 H2SO4; 16%
V/V acetone and 1.0  104 mol L1 KH2PO4 in an oxygen free solu-
tion. For the ﬁlm formation, 10 successive potential cycles from 0.6
to 0.1 V (vs. Ag/AgClsat) were carried out using a scan rate of
100 mV s1.
2.3. Analytical procedure
The electrode was voltammetrically cycled and characterized in
a solution of 3.0  103 mol L1 (NH4)6Mo7O244H2O; 0.5 mol L1H2SO4; 16% V/V acetone and 1.0  104 mol L1 KH2PO4 in an oxy-
gen free solution. The electrode was cycled between 0.6 and 0.1 V
(vs. Ag/AgClsat) at 100 mV s1 for ten successive cycles. After each
determination, the 1:12 phosphomolybdic electrode needed rins-
ing water. All measurements were performed in triplicate.
The biodiesel samples of soy oil analyzed were obtained from
Paraná Technological Institute (TECPAR) in Brazil. Among the
methods for extraction of phosphorus in biodiesel in the literature,
it is common to use a solvent extractor or water. This allows the
formation of two phases, one organic and one aqueous, and the
phosphorus is miscible in the aqueous phase.
Firstly, a liquid–liquid extraction was done using H2SO4
1.0 mol L1. The phosphorus present in biodiesel is produced from
phospholipids in the presence of acids, releasing the phosphorus in
the form of phosphate, which was determined using the method
developed.3. Results and discussion
3.1. 1:12 Phosphomolybdic modiﬁed electrode
The cyclic voltammogram of the ﬁlm formation of 1:12 phos-
phomolybdic at glassy carbon with a scan rate of 100 mV s1 in a
potential range of 0.6–0.1 V, after 10 successive scans is shown
in Fig. 1. In the cyclic voltammogram, two pairs of well-deﬁned
oxidation – redox pair waves were obtained: at 0.21/0.17 V and
at 0.38/0.33 V.
The modiﬁcation solution was acidiﬁed with sulfuric acid, be-
cause of the solution of molybdate in acid medium, the phosphate
is converted into anions ðPMo12O340 Þ showed in Eq. (1) [26]; more
than half in the neutral or basic solution undergoes hydrolysis pro-
cesses [27] and the pH 10 ﬁlm is destroyed with the disappearance
of the peaks [28].
Acetone can be used as a stabilized reagent in analysis. For a
modiﬁcation without acetone, the peak height increased with the
time and with the addition of 16% (V/V) acetone the peak height
increased and became stable and the b- phosphomolybdic is not
converted in a-phosphomolybdic.
7PO34 þ 12Mo7O624 þ 72Hþ ! 7PMo12O340 þ 36H2O ð1Þ
In a solution containing 1.0  104 mol L1 of phosphorus, the rela-
tion ipaipc of two peaks is approximately 1,0 indicating that the process
is reversible. The possible stoichiometry is:
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Fig. 3. Cyclic voltammograms of standard addition in a solution containing
3.0  103 mol L1 ammonium molybdate, biodiesel extracted with 1.0 mol L1
sulfuric acid and 16% (V/V) acetone.
Table 1
Determination of phosphorus in biodiesel sample and recovery methods.
½PO34 =lmol L1 - added ½PO34 =lmol L1 - found Recovery (%)
10.0 9.63 ± 0.11 96.00
20.0 20.9 ± 0.09 105.00
30.0 30.7 ± 0.24 102.00
40.0 39.1 ± 0.07 98.00
T.R.C. Zezza et al. / Fuel 95 (2012) 15–18 17½PMo12O403 þ 2e þ 2Hþ ½H2PMoV2MoVI10O403 ð2Þ
½H2PMoV2MoVI10O403 þ 2e þ 2Hþ ½H4PMoV4MoVI8 O403 ð3Þ
The effect of scan rate on the peak currents were examined over
rang 20–200 mV s1 in a solution containing 1.0  104 mol L1 of
phosphorus. According to the equations Ipc1 = 0.025 + 0.32 v1/2;
Ipc2 =0.79 + 0.49 v1/2; Ipa1 = 0.20 + 0.32 v1/2; Ipa2 = 0.10 + 0.55 v1/2
and their correlation coefﬁcients 0.9999; 0.9994; 0.9995; 0.9988,
it showed that the peak currents increased linearly with the square
root of scan rate, as expected for a diffusion-controlled.
3.2. Development of analytical methodology
In order to check the inﬂuence of phosphorus at the 1:12 phos-
phomolybdic, modiﬁed electrode aliquots with different concen-
tration of phosphorus were added to the electrochemical cell
(Fig. 2). All the four peaks had linear relationships between the
peak currents and the phosphorus concentration over the range
7.0  106–8.0  105 mol L1. The linear regression equations
and the correlation coefﬁcients were as follows:
Ipc1 ¼ 0:66þ 3:76 104c r ¼ 0:9906 ð4Þ
Ipc2 ¼ 1:25þ 6:31 104c r ¼ 0:9974 ð5Þ
Ipa1 ¼ 0:35þ 4:55 104c r ¼ 0:9934 ð6Þ
Ipa2 ¼ 1:44þ 6:71 104c r ¼ 0:9939 ð7Þ
From these, it can be seen that Ipc2 and Ipa2 had better results
taking into account the values of correlation coefﬁcients. The Ipc2
showed a better correlation coefﬁcient, a lower detection limit
8.7  106 mol L1 (calculated by the IUPAC method) and a sensi-
tivity of 6.31  104 lA/lmol L1.
In order to evaluate the selectivity of the method, ions like so-
dium, potassium, calcium and magnesium were added to the elec-
trochemical cell, because, according to the speciﬁcations of ASTM
and EN [8], these ions are inorganic contaminants present in bio-
diesel. However, no signiﬁcant changes have happened in peak
currents.
According to Calvo et al. [28], the major problem, in the deter-
mination of phosphorus in 1:12 phosphomolybdic modiﬁed elec-
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Fig. 2. Inﬂuence of phosphorus concentration in the electrode chemically modiﬁed
with 1:12 phosphomolybdic in a solution containing 3.0  103 mol L1
(NH4)6Mo7O244H2O, 0.5 mol L1 H2SO4 and 16% (V/V) acetone.this sample, it can form complexes similar to that of phosphorus
with molybdate. However, this ion is not a problem in the determi-
nation of phosphorus into biodiesel, because biodiesel is substan-
tially free of silicate.
3.3. Determination of phosphorus in biodiesel sample
After the liquid-liquid extraction with H2SO4 1.0 mol L1 and
analyzing the results obtained (Fig. 3) it was possible to verify
the phosphorus concentration in the biodiesel sample. Through
the method of standard addition, it was obtained
1.36 ± 0.14 mg kg1 of phosphorus in the sample of biodiesel, low-
er than permitted by ASTM and European Biodiesel Standards
(10 mg kg1).
In order to evaluate the validity of the proposed method, recov-
ery studies were carried out on samples to which known amounts
of phosphorus had been added. (Table 1).4. Conclusion
Simple and selective procedures for determination of phospho-
rus using cyclic voltammetry were established with 1:12 phospho-
molybdic modiﬁed electrode. The reported method has been
successfully tested for the determination of phosphorus in biodie-
sel sample. A linear relationship in the range (7.0  106–
8.0  105 mol L1) is obtained. The detection limit of phosphorus
is 8.7  106 mol L1. The data obtained with the recovery indi-
cates the reliability of the method.
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